ABSTRACT The entropy of activation for the synthesis of Ile-tRNA is high and positive. The only likely source of a high AS* is the loss of structured water as the enzyme substrate complex moves toward the transition state. This requires a change in the orientation or nature of water-organizing residues in the interface between the enzyme substrate complex and the water. Such changes, which may be some distance from the "active site," are coupled to the active site in such a way that the increased entropy and decreased free energy of the waterenzyme interface is available at the "active site" to reduce the free energy of activation. The effects of Hofmeister anions on Kms and ts are consistent with the entropy data. Low and Somero (1, 2) have proposed that enzymic catalysis is accompanied by conformational changes in the enzymesubstrate complex that result in the transfer of amino acid residues through the protein-water interface. These transfers, which reduce the free energy of activation, were manifest in their experiments as salt-sensitive extrinsic volumes of activation, which they attributed to the structuring or unstructuring of water in the transition state. In their proposal, the net transfer of water-structuring residues in the transition state could be in either direction as long as the free energy of the protein-water interaction is lower in the transition state than in the ground state. For many reactions the decreased free energy in the transition state will result from decreased enthalpy (for instance, the formation of new hydrogen bonds). In other cases, the lowered AG* might be expected to result from a high entropy in the transition state as structured interface water is "melted" or released to the bulk phase. Because it is difficult to imagine any source of a high entropy of activation except that resulting from "melting" of structured water, we sought an enzymic system with a high AS*. In such a system we could be assured that the enzyme-water interface was involved in the transition state and could examine the effects of Hofmeister salts on AG* and AV* as Low and Somero did.
Kms and ts are consistent with the entropy data. Low and Somero (1, 2) have proposed that enzymic catalysis is accompanied by conformational changes in the enzymesubstrate complex that result in the transfer of amino acid residues through the protein-water interface. These transfers, which reduce the free energy of activation, were manifest in their experiments as salt-sensitive extrinsic volumes of activation, which they attributed to the structuring or unstructuring of water in the transition state. In their proposal, the net transfer of water-structuring residues in the transition state could be in either direction as long as the free energy of the protein-water interaction is lower in the transition state than in the ground state. For many reactions the decreased free energy in the transition state will result from decreased enthalpy (for instance, the formation of new hydrogen bonds). In other cases, the lowered AG* might be expected to result from a high entropy in the transition state as structured interface water is "melted" or released to the bulk phase. Because it is difficult to imagine any source of a high entropy of activation except that resulting from "melting" of structured water, we sought an enzymic system with a high AS*. In such a system we could be assured that the enzyme-water interface was involved in the transition state and could examine the effects of Hofmeister salts on AG* and AV* as Low and Somero did.
The search for enzymic reactions with a positive AS* is simplified by the knowledge that any enzymic reaction with a Qio [Qio = kcat(T,)/kcat(T -100)] greater than 3.0 is likely to have a positive AS* (3) . As The Q o for the formation of Val-tRNA is about 7.0 (4). Yarus and Berg (5) report that the synthesis of Ile-tRNA at either pH 5.5 or pH 7.0 has a Qjo near 4.0. Charlier and Grosjean (6) find that synthesis of both Ile-AMP and lle-tRNA have Qjos greater than 3.5. Other reports (7, 8) (6 nM) and saturation was thus easier to achieve. In general, the reactions were run at 250C (except as noted) and initiated by the addition of ATP. Four aliquots of 7 Ml were removed at intervals of 30 sec to 4 min, pipetted onto a 2.3-cm Whatman 3 MM filter paper disk, then immediately put into a beaker of cold 5% trichloroacetic acid. In experiments conducted at 0-250C, aliquots were pipetted into chilled pipettes to avoid the artifact due to brief warming of the reaction mixture (8) . After three washings with cold 5% trichloroacetic acid and one with cold ethanol, the disks were dried and radioactivity was measured in toluene/2,5-diphenyloxazole/1,4-bis[2-(5-phenyloxazolyl)lbenzene in a Beckman scintillation counter (11) . ATP:PPi exchange assays were done by the method of Eigner and Loftfield (12 [2] kcat In Fig. 4 the kcat data of Fig. 3 are plotted according to Eq. 2.
For each anion the Hill coefficient is close to 2.0, from which we may infer that at least two anions cooperate to inhibit the enzyme fully. Table 4 . Open symbols show observed rates; closed symbols show keats-i.e., rates corrected for variations in Km due to Hofmeister salt; drawn curves are calculated curves based on KmS and keats calculated from the parameters of Table 5 . 0 and 0, dinitrophenoxide (0.5 or 0.6MM tRNA); 0 and *, perchlorate (1.0 AM tRNA); A and *, chloride (0.6MM tRNA).
The synthesis of Ile-tRNA involves a general base-catalyzed (19) displacement of a tRNA hydroxyl on carbonyl (20) in which the rate-limiting step is formation of the acyl-tRNA bond (8) . By Regardless of the actual mechanism, it appears that the binding of substrates to enzymes and their subsequent reaction lead to decreases and increases in entropy that are most easily interpreted as due to conformational changes that affect water structure. For instance, acetylcholinesterase binds acetylcholine and three less reactive homologous substratees with the entropies shown in Table 6 (26) . Because all four substrates have,.at pH 7.0, identical charge distributions and similar geometries, it may be presumed that all the initial enzyme-substrate complexes have similar structures and ASus (0-10 cal molh' K-1). Of these, only the complex containing acetylcholine undergoes a drastic conformational change with the loss of some 15-30 cal mol' K-', undoubtedly largely due to structuring of water. It is notable that the entropies of the foar transition states relative to the free enzyme and free substrate (i.e., AS& + AS*) are ap- (27) , whereas the phenylalanine enzyme binds cognate tRNAPhe with 55 cal molh' K-1 lower entropy than the noncognate tRNATYr (28) . In the latter case, rapid kinetic techniques have established that both tRNAPhe and tRNATYr bind rapidly to the enzyme with similar rates of association and dissociation, but that only tRNAPhe effects the change in conformation that leads to a low-entropy enzyme-tRNA complex (29) .
Both the amino acid:tRNA ligases and acetylcholinesterase can be described by the scheme of Fig. 5 is known to be ionic and, therefore, solvated; in every case it is known that the enzyme carries countercharges that are also solvated. The high entropy of initial association results largely from the release of bound water as the E-S complex forms. Then, driven by the negative enthalpy (formation of hydrogen bonds, perfect van der Waals fits, etc.) a conformational change occurs only with the correct substrate, the new E.S* complex possessing extraordinarily low entropy. As E-S* moves towards E.S*, the foci that organized water in E.S* release the water, permitting the increase in entropy that reduces the free energy of ES*, thereby increasing kt for the correct substrates. When an incorrect substrate binds to the enzyme, it is either completely unable to proceed to E-S* and E.S* or it must move to E-S* all the way from the ground state of E-S, thereby denying itself the entropic push available to a correct substrate. Jencks (30) has proposed a "Circe effect" in which not all the binding energy is utilized in forming the E-S complex. The full binding energy is expressed in forming an E-S (which need not represent a significant part of the ground state complex) in which full utilization of binding energy has destabilized the complex relative to the transition state. Our E-S* may correspond to Jencks' E.S* or there might be another E.S** between our E-S* and E-S* in which additional water has been lost. In the latter case the high positive AS* might correspond to E-S* E-S** rather than to E.S* >± E-S*. Atkinson (31) has also argued that excess binding energy can be used, not merely to concentrate substrates from dilute solution, but to force enzyme and substrate into an "energetically loaded" or strained conformation that makes the ground state energy closer to that of the transition state.
In the case of the amino acid:tRNA ligases each of the complexes E.S* and E-S* appears to have high entropy relative to free enzyme and free substrates. To the extent that high entropy relfects release of structured water, it would be expected that Hofmeister anions, which destructure water, would reduce the gains in entropy and would interfere with both the formation of E-S complexes and with the achievement of the transition state. The effects we observe (Tables 3 and 4 ; Figs. 2, 3, and 4) are qualitatively consistent with expectation. Quantitatively, the effects occur at much lower salt concentrations than those required to show nonspecific salting-in effects. It is likely that there are anion-binding sites capable of preventing formation of the E-S complex and other anion-binding sites that are involved in the catalytic process. Fridovich (32) has shown that acetoacetate decarboxylase is noncompetitively inhibited by the binding of a single Hofmeister anion from dilute solution. Whether the anion is binding directly to enzyme or destructuring water associated with enzyme, it is probable that some of the effects are away from the "catalytic sites," because steric considerations make it unlikely that two to five perchlorate or dinitrophenoxide ions can all be bound simultaneously at the catalytic site.
Taken together, the Hofmeister salt effects and the high entropies of activation constitute evidence that the transition state is stabilized by conformational changes from the enzyme-substrate ground state. These changes are relatively distant from the site of chemical reaction and include energyreleasing movements of the water surrounding the enzyme. Although this concept is based on reactions with high positive AS*, entirely comparable rate enhancement can be provided by conformational changes that decrease the AH* of the enzyme-substrate and of its interaction with water.
